The low frequency noise (LFN) properties of the field-effect transistors (FETs) using polymers as the semiconducting material in thin-film transistor (TFT) structures are investigated and discussed in terms of the charge carrier transport. Results obtained from several research groups are summarized. Injection-drift limited model (IDLM) for charge transport in amorphous PFETs is discussed. IDLM has some advantages in comparison to the commonly used metal-oxide-semiconductor (MOS) transistor models. A general trend of proportionality between noise power density and the DC power applied to the polymer FET's (PFET's) channel is observed in the data from several research groups. This trend implies mobility fluctuation in PFET as the dominant noise source.
INTRODUCTION
Organic-or polymer-based field-effect transistors (PFETs) have been increasingly investigated in the past three decades
1,2
. This is in an effort to realize inexpensive polymer thin-film transistors (PTFTs) that can be used in some niche commercial applications such as electronic tags, drivers in active matrix displays, or for sensing applications. Usually, the test structures of PTFTs are fabricated in two configurations, as shown in Figure 1 , with the source/drain (S/D) contacts either below (a) or above (b) the semiconducting polymer film. The degenerately doped substrate serves as the gate electrode. According to Ref. 2 , the first polymer TFT with a gate-controlled drain-source current 3 was fabricated in 1983 using polyacetylene (CH) x as the semiconducting material in S/D top contact configuration. As shown in Figure 2 , the gate dependence of the drain current I D was small, as compared to the conductance between drain and source electrodes. However, from the C-V characteristics was deduced that the field-dependent part of I D is due to carrier accumulation/depletion of the polymer at the gate-insulator interface, and the charge transport is similar to that in inorganic metal-insulator (oxide)-semiconductor (MIS or MOS) transistors.
This deduction was accepted in several succeeding investigations of PFETs, and researchers began using the MOS transistor theories for description and explanation of polymer transistor operation. For example, it is expected that the drain current I D can be described as a function of the gate voltage (V GS ) and drain voltage (V DS ), as given by eqs. (1) and (2) for linear and saturation mode of PFET operation, respectively.
(1)
Here W and L are width and length of PFET's channel, µ is charge carrier mobility in the PFET's channel, C I is the gate-insulator capacitance per unit area, and V T is the threshold voltage. The deviation from these relations is attributed to imperfection of polymer material and TFT structure, and it is believed that it can be "worked-around" by introducing of additional terms, such as drain-source conductance G DS,LEAK for leakage in polymer bulk 4, 5, 8 , drain and/or source resistance (R D and/or R S ) for electrode-to-polymer access resistance 6, 7, 10 , charge trapping and electric field enhancement for hysteresis in measured I-V curves 6, 8 and bias-dependent variation of mobility 5, 6, 7, 9 obtained from experimental data by using eqs. (1) and (2) . Despite the complications of applying the MOS transistor theory to PFETs, much effort was devoted to finding appropriate polymers and electrode-insulator configurations. This is because it was observed that the type of polymer, the insulator and the electrode materials can result in PFET characteristics similar to those of MOS transistors. The experience from amorphous inorganic TFTs also "boosted" the research efforts. The results that were achieved and are discussed in next section indicate that the most of the complications arise due to hopping mechanism of charge transport in polymer.
The nature of charge transport in PFETs also results in some "anomalies" observed in their low frequency noise (LFN) characteristics when compared to LFN in MOS transistors. The general trend from the noise experiments on PFETs is illustrated in Figure 3 . The slope 10dB/dec is consistent with the conclusion in Ref.11 that the noise is due to intergrain charge hopping in polymer, rather than due to interaction between carriers and gate insulator. The fluctuation of charge hopping causes
a fluctuation in the conductivity of the semiconducting polymer and results in a proportionality between noise power and DC power, given by 12 (3) where S ID is the noise spectral density of drain current I D , α is the Hooge parameter, f is the frequency, N is the total number of carriers in PFET channel, and e is the electronic charge. However, in polymers the charge displacement is governed by charge hopping with random and long waiting time between consecutive hops, also resulting in dispersive carrier transport 13, 14 . The carriers are occasionally able to move. Thus, both the carrier number N and hopping time fluctuate, or the mobility µ is just an effective parameter in the polymer thin film. Note that charge hopping is a completely different mechanism, as compared to thermal motion with scattering in crystal devices, and one should be alert when using the MOS sheet charge approximation in PFETs.
Considering the above discussion, charge transport in state-of-the-art PFET is discussed in next section. Then, the lowfrequency noise (LFN) in PFETs is analyzed phenomenologically and in terms of charge hopping. In conclusion, some important findings are summarized in an attempt to "normalize" the discussion on LFN in PFETs.
STATE-OF-THE-ART AND CHARGE TRANSPORT IN POLYMER TFTs
Compared to the first attempt to make PFETs in Ref. 3 more than 20 years ago, there has been tremendous improvement in the PFETs electrical characteristics in the past 15 years. From the comprehensive review 2 on state-of-the-art PFETs, it is noted that both materials and fabrication processing and technology play important roles in the quality of PFETs. For example, the typical DC output characteristics of recently reported PTFTs indicate high on/off ratio (~10 3 and higher) and small leakage, as illustrated in Figure 4 . The field-effect mobility, as defined by eqs. (1) and (2) 
First, high mobilities in the range of 0.1 to 1cm 2 /V.s have only been achieved in PFETs fabricated on polymer crystals 7, 8, 15, 16 . However, the growth and processing of polymer crystals is neither simple nor inexpensive. Unfortunately, for amorphous polymer TFTs processed from solution, the estimated mobility is on the order of 10 -4 to 10 -3 cm 2 /V.s. Intergrain traps are often cited as the cause for the drop in the mobility in amorphous PFETs 15, 16 and appropriate theoretical models have been developed 5, 7, 9 . However intergrain effects are more reasonable for polymer bulk rather than for surface effects. The observation in Ref. 8 for high mobility in both bulk and surface conduction may indicate that a charge layer is not formed in the PFET structure and the transport mechanism remains in polymer bulk, rather than at surface. Instead, a high-quality of polymerinsulator interface is claimed in Ref. 8 . , as illustrated in Figure 5 . The lack of repeatability can be attributed to incorrect method of using MOS transistor eqs. (1) and (2) for calculation of mobility in polymer TFT, although one may deduce the opposite from Ref. 9 where it is speculated that there are also intergrain traps at the polymer surface. Further, to the best of our knowledge, there is no reasonable explanation why the thickness of polymer film should change the surface mobility, as observed in Ref. 4 for a polymer thickness less than 100nm, and opposite to that in Ref. 7 , where the accumulation layer thickness is calculated 1nm, and found to be less than the thickness of one monolayer (~1.5 to 3nm ) of a polymer molecule. barrier in series with contact is suggested in bottom contact PFETs. Special procedure for evaluation of source access resistance was developed in Refs. 6 and 7, and the mobility was estimated to be a linear function of gate voltage V GS . Several contributions 7,11,18 using eqs. (1) and (2) for the DC modeling of a PFET suggested a power-law dependence of mobility on gate bias that is given by (4) Here, µ o is initial mobility at low V GS , and the exponent p is in the range of 0.5 to 1. Eq. (4) implies trap-aided enhancement of the mobility 7 . However, the Poole-Frenkel-like form for trap activated mobility 19, 20, 21 suggests an exponential
, which we have observed in some of our experiments 12 .
Considering these three complications when applying the MOS transistor model to polymer TFTs, and taking into account that electric field enhancement of mobility should be in the direction of the current flow, we suggested 22 the following for the charge transport in PFET. Three processes dominate in an amorphous polymer thin-film transistor, as depicted in Figure 6 . The electric field at the source electrode injects carriers from the source into the polymer. Since the electric field of the drain-source bias is low (the drain electrode is far away), the carrier injection rate is primarily limited by V GS because the gate insulator is thin and has a high permittivity. One part of the injected carriers occupies shallow energy states in the polymer, and the drainsource bias move these quasi-free charges toward the drain electrode, resulting in a drain current I D due to V DS . The other part of the injected carriers is captured for longer times in deeper polymer states, and this creates a space charge, recognized as a charge buildup at polymer-insulator interface or slow polarization of polymer. The charge injection from source electrode limits the rate of carrier number that can enter into polymer per unit time, while the mobility in polymer determines the time needed for the carriers to exit from drain electrode. The conduction layer of quasi-free charge does not contribute significantly as a limiting condition in charge transport, and this is the main difference between a MOS and a polymer transistor operation. As compared to the charge sheet approximation, the proposed injection-drift limited model (IDLM) for charge transport has several advantages when investigating PFETs. Some of these advantages are as follows.
• First, IDLM has been extensively used in two-terminal polymer devices (diodes). For instance, a threshold voltage exists due to the potential barrier at the metal-polymer interface. The variation of the slope of I-V characteristics can change from an exponential function if the barrier is sharp, through a power-law function if the barrier is distributed, to a linear function if the barrier is very low.
• Second, both the carrier injection into polymer and the drift of these carriers can be explained by charge hopping between energetically and spatially distributed states in polymer, rather than having to introduce conduction or valence bands in amorphous organic materials and a band-gap with traps.
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• Third, "anomalous" behavior and "extraneous effects" in PFET can be easily understood by taking into account the properties of deep energy levels (traps) in polymer. An example for the charge buildup effect due to deep traps is illustrated in Figure 7 . Since the deep traps are slow, the trapped charge increases gradually with time, and this decreases the electric field due to the gate bias. Therefore, the injection rate from source electrode drops with time and the field-effect current I D -I D,leak also decreases. In addition, the leakage current I D,leak increases because the amount of trapped charge increases with time to high values, and even with low mobility, the large number of these charges is sufficient to provide a current comparable to the current of faster shallow polymer states. Thus, it is not necessary to introduce "mobile ions" 23 in the polymer in order to explain the slow transients observed in PFETs. Although the IDLM is not fully developed, some ideas have already been introduced in several papers. Injection mechanism was argued as reason for gate bias dependence of drain current in Ref. 24 , and lack of a saturation region in the PTFT's characteristics with ambipolar charge conduction in Ref. 23 . Also, in several contributions, for example in Ref. 25 , it is concluded that the mobility in polymer is only governed by the nature of the organic active layer. In addition, the separation of polymer charge into mobile and trapped parts has already been proposed in Ref. 5 . Therefore, the analysis in the next section is related to IDLM.
LOW-FREQUENCY NOISE IN POLYMER TFTs
The investigation of low-frequency noise in PFETs is still at a phenomenological stage and a solid theoretical explanation of the measured results is currently lacking. As well, for current transport in PFETs, most of researchers use measurement techniques and apply methods for analysis that were developed for MOS transistors and modifications known from heterostructure FETs. For example, Martin et al 11 used eq. (5), and proposed that the 1/f noise is due to surface trapping, since A F ≈ 0.9 ~1 in the PFET samples they studied. They deduced two-dimensional charge transport with scattering occurring as a surface mechanism, similar to that observed in MOS transistors, and expressed the drain current noise spectral density as. (5) Here, K F and A F are parameters for the popular SPICE-type 1/f noise model. However, as one can see from Figure  3 , the data are also consistent with eq.(3), since V DS was constant, and the deduced mechanism cannot be identified without the assumption of MOS transistor like operation. and problems due to access contact resistance R S are deduced from an analysis of the noise as a function of gate bias. However, numerical values for R S and its noise were not presented. Despite this, one can see, the data are again consistent with the trend in Figure 3 . Using a similar approach, Vandamme et al 26 obtained values α=0.01-0.08 for poly-thienylene vinylene, and 1-100 for pentacene. Later, it will be shown that these samples agree with the trend in Figure 3 too, but their data cannot be presented in the figure because the values for either I D or V DS are not stated in the paper. Also, "anomalous" behavior was observed in long channel pentacene samples, but the analysis in terms of V GS , by assumption of MOS transistor-like operation in linear mode, did not give numerical values for the suggested four possible factors. Despite this, and on the basis of their experience, the authors pointed out that access series resistance R S was the best candidate for the "anomalous" behavior, as Necliudov et al 10 had previously done.
Our previous investigation 12, 27, 28, 29, 30, 31 on poly-3-alkylthiophene and other polymer p-PFETs with bottom contact configuration also used the MOS transistor model. We developed a physically based quantitative description for the noise level in terms of the mobility fluctuation theory, relating the Hooge parameter to the non-stationary fielddependent mobility. This was reasonable description since the spectral density S ID of the PFET's drain current I D was almost proportional to the DC power (I D ×V DS ) applied onto the PFET's channel, with a slope of 9dB/dec. The slight decrease in the slope from the theoretical 10dB/dec, given by eq. (3), was explained by the enhancement of the mobility at increased electrical field, and it was found power-law dependences between carrier number N, mobility µ and Hooge parameter α. The interesting result is that the low-frequency noise (LFN) could be described by eq. (3) accurately in both linear and saturation mode of PFET operation. Therefore, the LFN could be assumed as a bulk effect in the polymer, and this was the first indication that MOS transistor-like operation could be inadequate for PFETs. In addition, the drain current I D in some samples had an exponential dependence on V GS and V DS , instead of a linear or quadratic dependency. The DC characteristics of PFETs were similar to those of MOS transistor in weak inversion. Since no inversion layer is formed in weak inversion, the use of the MOS transistor charge transport can be inadequate for describing the PFETs electrical behavior. Finally, any attempt to refer the noise to (V GS -V T ) has limied 10, 11 or no success, as shown in Figure 8 , when referring the noise to gate terminal using the relation for interface trap aided noise in MOS transistors 32 , given by (6) Here, g m is transconductance of PFET, and S VG is noise voltage due to traps, referred to the gate terminal. According to eq. (6), a positive slope is expected in Figure 8 , because S VG is weakly dependent on V GS . However, this was not observed in our experiments. Since our attempts to describe the LFN in terms of MOS transistor theory met difficulties, we began investigating to injection-drift limited model (IDLM) of the charge transport in PFETs last year 22 . We suggested three possible noise sources for amorphous polymer TFTs, as illustrated in Figure 9 . The effect of interface traps is attributed to gate electrode noise voltage source S VG , although we suppose that S VG is insignificant for PFETs, because the charge layer of quasi-free carriers is not a limiting phenomenon for the current transport in the amorphous polymer, as discussed previously.
The fluctuation of charge hopping in the polymer is attributed to S Gµ . Since the waiting times between charge hops are random, S Gµ results in mobility fluctuation in the PTFT, and is consistent with eq. (3). For convenience, eq. (3) is rewritten 12 for the normalized current noise S ID /I D 2 , as
where R DS =V DS /I D is the DC resistance of PFET channel. Vandamme et al 26 observed that the normalized current noise S ID /I D 2 scales inversely with carriers number N in PFET's channel. That is S ID /I D 2 ∝ 1/N, and since N is proportional to the area of PFET's channel, we normalized the data for LFN, obtained by us and other researchers, with the areas W×L of the samples, and plot the results obtained in Figure 3 and Figure 10 . From these two figures, consistent with eqs. (3) and (7), one can conclude that the low-frequency noise most likely originates from mobility fluctuation in amorphous polymer layer of the PFETs due to random waiting time between charge hops. However, small deviation from slope 10dB/dec can be observed in Figure 3 and Figure 10 , which can be attributed to access contact effects 10, 32 and carrier injection through metal-polymer barrier 26 . Also, in two samples, we have observed the noise S GN of carrier injection from source electrode into polymer, as shown in Figure 11 . Here, S GN is independent of the carrier number N in the PFET's channel, since no relation is observed in Figure 11a between normalized noise S ID /I D 2 and channel resistance R DS =V DS /I D ∝1/N. This implies that S GN is localized in a small area, most probably at source electrode of PFET, and it is due to disorder in polymer at metal-polymer interface. S GN causes fluctuation in the rate of carrier injection, resulting in correlated number fluctuation ∆N in the channel current and channel conductance. Therefore, the power density S ID of the drain current noise becomes a quadratic function of the DC power V DS ×I D applied onto PFET channel, and this can explain the experimental observation shown in Figure  11b . 
CONCLUSION
Much effort has been devoted last two decades to find appropriate materials and configurations to fabricate polymer field-effect transistors (PFETs) of thin-film transistor (TFT) structure with strong field-effect and small leakage. A significant improvement of PFET characteristics has been achieved in the past 15 years, however some important issues such as higher carrier mobility and improved reproducibility, stability and reliability are still to be resolved. Therefore, research continues in this field.
Our research shows that the charge transport in polymer TFTs is not easily understood in terms of metal-oxidesemiconductor (MOS) transistor theory. The deduction made 20 years ago that the field dependence of the PFET current is due to charge enhancement at polymer-insulator fails to explain many experimental findings. This is because the MOS transistor equations have to be modified significantly with "parasitic" terms, such as leakage conductance between drain and source electrodes, contact access resistances, and "fitting" field-dependent mobility. Although appropriate theories are developed in terms of the charge sheet approximation, the application of these theories is difficult. This is because the experimental data often deviate from the relations obtained for MOS transistors, and charge-trapping effects are introduced in order to get satisfactory agreement. However, trap states are attributed to intergrain structure of amorphous polymers, i. e. mostly to polymer bulk, rather than to the polymer surface. This conclusion is confirmed from the observed trend in noise experiments where there is mobility fluctuation in the bulk material.
As an alternative, the injection-drift limited model (IDLM) for charge transport in amorphous PFETs is introduced in this work. Three processes dominate in amorphous polymer thin-film transistor: • drift of quasi-free charges toward the drain electrode due to drain-source voltage V DS;
• and charge trapping in deep states of the polymer.
The charge injection from source electrode limits the rate of carrier number that can enter into polymer per unit time, while the mobility in polymer determines the time needed for the carriers to exit from drain electrode. The conduction layer of quasifree charge does not contribute significantly as a limiting condition in charge transport, and this is the main difference between the operation of a MOS transistor and a polymer transistor.
IDLM for charge transport has advantages when investigating PFETs.
• First, IDLM is in agreement to what is known for two-terminal polymer devices (diodes). For instance, a threshold voltage exists due to potential barrier at the metal-polymer interface. The variation of the slope of the I-V characteristics may occur as an exponential function, a power-law function, or a linear function depending on barrier height and its distribution.
• Second, both the carrier injection into the polymer and the drift of these carriers can be explained by charge hopping between energetically and spatially distributed states in polymer, rather than having to introduce conduction or valence bands in amorphous organic materials and a band-gap with traps.
• Third, the "anomalous" characteristics and "extraneous effects" in PFETs can be easily understood by taking into account the properties of deep energy levels (traps) in polymer. Since the deep traps are slow, the trapped charge increases gradually with time, and this decreases the electric field due to the gate bias. Therefore, the injection rate from source electrode drops with time and the field-effect current I D -I D,leak also decreases. In addition, the leakage current I D,leak increases, because the large amount of trapped charge, even with low mobility, can provide current comparable to the current from the faster, shallow polymer states.
Three noise sources in PFET are associate with IDLM. Mobility fluctuation noise source is suggested for the charge hopping in polymer. This noise source is dominant in "good" PFETs, as indicated in the trend obtained from the published results of several research groups. Number fluctuation noise source is proposed for carrier injection from the source electrode into the bulk. This noise source is associated with a low quality metal-to-polymer contact at the source electrode. The third noise source is associated with traps at polymer-insulator interface, but it is found to be insignificant.
In conclusion, despite the dispersion in the published data, there is a trend of proportionality between noise power density and DC power applied to the PFET channel. The data from different research groups are within a factor of 10 of each other.
